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Abstract
The XENON1T experiment has recently announced the observation of an excess in electron
recoil events at energy range of 1− 7 keV with a 3.2σ signal significance over the Standard Model
prediction. In this paper we sketch the prospects of explaining such an excess from Migdal ionization
events with below threshold nuclear recoil energies. Interestingly these are expected to show signals
event in the ballpoint energy scales of the observed excess. We demonstrate that the observed signal
require O(1) GeV dark matter with around 2 pb spin-independent nucleon-DM scattering cross-
section which is in tension with CRESST-III constraints. A more optimistic scenario is explored
where the Migdal ionization is driven by boosted DM.
∗ujjal@iiserbpr.ac.in
†tarak.maity.physics@gmail.com
‡tirthasankar.ray@gmail.com
1
ar
X
iv
:2
00
6.
12
52
9v
1 
 [h
ep
-p
h]
  2
2 J
un
 20
20
Contents
1 Introduction 2
2 Migdal effect and the explanation of the excess 3
2.1 Vanilla DM scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Boosted DM Migdal scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
3 Conclusion 6
1 Introduction
The XENON collaboration recently reported the results of new physics searches with low-energy
electronic recoil data obtained in the XENON1T detector [1]. They observed an excess at lower
electron recoil energies 1-7 keV mostly crowded toward the lower energy ranges of 2-4 keV range,
with 285 observed events as compared to 232±15 events expected from known backgrounds. While an
SM-only explanation is viable if one assumes the β-decay from trace tritium impurity in the detector.
However, with current data it is not possible to confirm nor exclude the presence of tritium and in
the analysis this has been excluded from the background estimations. Under such circumstances the
statistical significances of the excess are 3.5σ when interpreted in terms of solar axions, 3.2σ with
enhanced neutrino magnetic moment considerations. However, the significances decrease dramatically
once an unconstrained tritium component is included in the background analysis reducing the solar
axion and neutrino magnetic moment significances to 2.1σ and 0.9σ, respectively. The other generic
concern for the reported excess is the location very close the the threshold of the experiment that
may distort the performance of the detector in these energy scales. However this has triggered several
proposals to explain the reported anomaly including scenarios with hidden dark photon DM [2],
boosted DM [3,4], axion-like particle dark matter [5], non-standard neutrino electron interaction [6].
At the XENON experiment an efficient discrimination of the nuclear recoil and electronic recoil
events are done by using the signal ratio parameter, S1/S2. It is expected that in nuclear recoil most of
the energy will the energy will dissipated through prompt photons detected mostly in the PMT located
at the bottom of the detector material having a relatively large S1 signal. While events from electron
recoil have a larger charge deposition through ionisation. These free electron then drift through the
material in the presence of external electric field producing a delayed bremsstrahlung photons detected
at the top PMT detectors having a considerable proportion of the so called S2 signals. An interesting
possibility is a scenario where nuclear recoil events lead to considerable ionisation of the Xenon atoms
but the nuclear recoil energies remain below the detector threshold. Once the ionized atoms de-excite
the emergent photon eventually ionizes neighbouring atoms while travelling through the liquid Xenon
detector. This leads to creation of secondary electrons that drift and lead to contribution to the S2
signal [1]. Thus these Migdal ionization events with sub-threshold nuclear recoil energies essentially
contribute to the electron recoil energies [7–9].
Interestingly, the energy ranges having significant Migdal ionisation events with very low and unob-
servable nuclear recoil, would correspond the the higher ionisation energies of the Xenon atom. Here
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we note that the binding energy of the Xenon atom for the n = 3 and n = 2 atomic states are given by
0.66 keV and 4.9 keV respectively. This coincides with the generic energy scales of the observed excess
at XENON1T raising hope for a possible explanation of the same within the framework of the Migdal
effect. In this work, we make a critical examination the challenges in explaining the observed excess
events by considering Migdal effect with sub-thresholds nuclear recoil. Remaining agnostic about the
specific features of the DM particle and the underlying model thereof, we explore the possibility of
DM-nucleus scattering and subsequent deformation in the atomic electron cloud leading to ionization
and de-excitation of the Xe atom resulting in the electron recoil.
The rest of the paper is organised as follows. In Section 2 we briefly review the Migdal effect. In
the subsections 2.1 and 2.2 we explore the possibility to fit the observed excess utilising the Migdal
effect. Finally we conclude by pointing out the major shortcomings of this explanation.
2 Migdal effect and the explanation of the excess
The standard paradigm of direct detection of dark matter is based on the DM-nucleus scattering
and the resulting nuclear recoil. This novel method has long been used in search of traditional DM
candidate, the WIMPs which can arise from multitude of BSM scenarios and in general in the mass
range of hundreds of GeV. However, the null results from these nuclear recoil WIMP searches only put
bounds on the parameter space of WIMP theories to the point of its relevance which is limited by the
so-called neutrino background popularly known as neutrino-floor. On the other hand the curious case
of light, i.e., sub-GeV DM candidates’ search in a nuclear recoil-type experiment was long-believed to
be insensitive due to the meagre sub-keV deposited energy. This hopelessness lies in the assumption
of instantaneous catch-up movement of the electron cloud of the recoiling atom along the nucleus
after the DM-nucleus scattering. However, there is a time lag for the electron cloud to catch-up the
recoiling nucleus, which results in a charge asymmetry that can lead to ionisation and/or excitation
of the recoiling atom. This in turn injects extra electronic energy into the detector which in principle
can be a new way of detecting the sub-GeV DM [7–16]. This process of ionization or excitation of an
atom is known as Migdal effect. In this section we briefly review the methodology of the estimation
of the rate of ionization events due to the Migdal effect following Refs. [7–9].
Consider a dark matter particle χ with mass mχ collides with the nucleus N . The differential event
rate for a nuclear recoil of energy ER followed by an ionisation electron with energy Ee is given by,
d2Rion
dERdEe
=
dRχN
dER
× |Zion|2 , (1)
where the first piece is the differential rate for DM-nucleus scattering RχN w.r.t. ER. This can be
given as,
dRχN
dER
= η(vminχ )
(
ρ σχN
2µ2Nmχ
)
, (2)
where ρ is the local DM density, σχN is the DM-nucleus scattering cross-section, and the reduced mass
of the DM-nucleus system µN = mχmN/(mχ +mN ) and η(v
min
χ ) is the velocity average of the inverse
DM speed. The nuclear form factors are ignored in writing Eq. (2) since we are interested in small
momentum transfers. The second piece in Eq. (1), |Zion|2 represents the differential ionization rate
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corresponding to single electron ionization and is given in terms of the ionization probability pcqe as,
|Zion|2 = 1
2pi
∑
n,l
dpcqe(nl→ Ee)
dEe
, (3)
where n, l are the quantum numbers of the emitted electron, pcqe(nl → Ee) estimates the probability
to emit an electron with final kinetic energy Ee. We have used the results from Ref. [7] to estimate
|Zion|2 for our analysis. The ejection of electron from an inner orbital takes the resulting ion to an
excited state. Subsequent de-excitation to the ground state is achieved by the release of electronic
energy in the form of photons or additional electrons. Therefore the total energy deposited in the
detector is approximately EEM = Ee + Enl, with Enl being the binding energy of the electron before
emission. Finally one can obtain the total rate by integrating Eq. (2) within appropriate limits and
energy-momentum considerations.
In passing we would like to comment on the possible principle quantum number n relevant for our
study. Since the available analysis of the Migdal effect is performed for the case of isolated atoms, the
shifts in electronic energy levels due to atoms in a liquid is not taken into account. Given the energy
scale of interest we explore the possibility of Migdal ionization from n = 3 level. However, a possibility
of utilising even the n = 2 electrons in the case of boosted DM will be discussed later in this section.
Note that all other energy level do not contribute to significantly in the region of observed signal and
therefore has been neglected from our analysis.
2.1 Vanilla DM scenario
We will now consider the case of a vanilla DM particle χ scattering with the Xe nucleus in the
XENON1T detector giving rise to observed electron recoil via the Migdal effect. Keeping the analysis
model independent take its mass mχ and the spin independent scattering cross-section as independent
free parameters. We can now calculate the event rate by following the prescription laid out above if
the required cross section is given. We choose a range of mχ to keep the nuclear recoil energy below
the XENON1T threshold while being able to ionize at least the n = 3 electron from the Xe atoms.
We set the nucleon-DM cross-section by matching the observed events using Eq. (1). The allowed
region is presented in Fig. 1a. We find that the required cross-section while remaining below the
XENON1T nuclear recoil threshold, is several orders of magnitude above the limits from CRESST-III
experiment [17] that sets the most stringent bound in this mass range. In addition to that we also
show the bounds from NEWS-G [18] and LUX [19] searches. Possibly a tuned scenario with a target
dependent nuclear-DM interaction cross-section may be still be viable, the general outlook for this
setup remains grim.
Expectedly the differential Migdal event rate is peaked near the detector threshold 1 keV while the
differential data shown in Fig. 4 of [1] is peaked around 2.5 keV with most event in the 2-4 keV bin.
To check the fit quality we vary the mχ within the range [0.3, 2] GeV and perform a χ
2-study to
obtain the best-fit value of the cross-section that can result in the required number of excess events.
In Fig. 1b we plot ∆χ2 ≡ χ2 − χ2min as a function of the DM mass setting the cross-section to have
53 valid events. The 68% and 95% C.L. bands are represented by the green and yellow shades. This
best-fit point can be explicitly seen in Fig. 1b where ∆χ2 = 0.
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Figure 1: XENON1T excess in vanilla Migdal scenario (a) The blue contour is consistent with
53 Migdal events in the 1-7 keV bin on the DM mass (mχ) and nucleon-DM SI cross-section
(σχn) plane. The grey shaded region represents the 1σ error in the background estimation. The
bounds from CRESST-III, LUX and NEWS-G searches are shown by red, green and orange curves
respectively. (b) ∆χ2 is plotted as a function of the DM mass with 68% (green) and 95% (yellow)
C.L.
2.2 Boosted DM Migdal scenario
In this section we discuss the possibility of Migdal events arising from boosted dark matter. This
has the possibility of addressing both shortcoming of the vanilla DM scenario. These can excite the
Migdal ionisation while remaining deep in the sub-GeV scale where the traditional DM direct detection
experiments do not have existing limits from standard nuclear-recoil or Migdal studies. Additionally
the boost may be able to excite the n = 2 ionisation with a peak at 4.9 keV that can potentially
improve the differential fit.
In a generic multi-component DM scenario with sufficient mass gap between multiple DM species,
a minor component of DM (produced non-thermally by late-time decay of the heavier component)
can be boosted. These states having a non-thermal energy distribution can have sufficient flux to
generate events at DM direct detection experiments. We pare down this framework to consider a
two-component DM scenario with heavier species χ1 and lighter χ2. To estimate the differential rate
of events due to χ2-nucleon interaction at a direct detection experiment we closely follow [20],
dR
dER
=
Φχ2
mN
∫ ∞
Emin(ER)
dEχ2
dN
dEχ2
(
dσχ2N
dER
)
, (4)
where Φχ2 is the local flux of χ2-species, Emin(ER) =
√
mNER/2 is the minimum energy required
to produce a recoil of energy ER, and
dN
dEχ2
= 2δ(Eχ2 −mχ1). The differential cross-section can be
written as,
dσχ2N
dER
=
G2
2pi
A2mNF
2(ER)
(
1−
(
Emin
Eχ2
)2)
, (5)
5
where G is the effective coupling, A2 is the coefficient for the coherent enhancement of scattering
with equal rates on neutrons and protons, and F 2(ER) is the nuclear form factor. We have taken the
relevant flux for this kind of boosted DM from Ref. [21].
r = 2
r = 4
r = 8
CRDM
0.2 0.4 0.6 0.8 1.0
10-33
10-32
10-31
10-30
m χ2 (MeV )
σ χ 2n
(cm2
)
Figure 2: Parameter space in mχ2-σχ2n plane yielding required number of events to explain the
excess. The three bands corresponds to three mass ratios r = mχ1/mχ2 = 2, 4, 8. We also show
the relevant constraint from on the cross-section from [22].
In Fig. 2 we present the parameter space consistent with the observed excess events. The mass of
the boosted DM species χ2, is varied in the O(MeV) range for specific choices on the mass ratios
(r = mχ1/mχ2) that essentially control the boost factor. In the plot each band represent the 1σ error
in the number of events and each solid like for r =2, 4, 8 represents the parameters that can give rise
to 53 events. The red horizontal line represents the relevant constraint in this region of parameter
space as reported in [22]. The allowed parameter space is the region below the red line.
In passing we note that the recent works explaining the excess which use boosted DM scenarios [3,4]
actually considers the direct DM-electron interactions while in our case the boosted DM is responsible
for Migdal ionization leading the apparent electron recoil events at the detector.
3 Conclusion
The very recent announcement of an excess in the electron recoil events at XNON1T experiment may be
the first tantalising hint of the existence of particulate DM. While further data collection and lowering
of the threshold will clarify this situation, the unaccounted tritium background and proximity to the
experiment threshold remains a cause for concern. In this paper we critically examine the possibility
of Migdal effect ionization events from DM-nucleon scattering, with below threshold nuclear recoils, as
a possible source for the observed events. It is found that the observed event rate requires a nuclear-
DM spin independent cross-section a couple of order of magnitude above the present bounds from
CRESST-III results which sets the most stringent limits in the region of interest. A narrow window
remains for the boosted DM driven Migdal effect to still be responsible for these observed events,
while fitting the differential rates is still challenging.
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